The best-studied member of the orthopoxviruses is vaccinia virus (VV), which is characterized by its complex morphology, linear double-stranded DNA genome, uninterrupted coding sequences, and cytoplasmic site of replication (21) . Along the 185-kilobase-pair genome are distributed an estimated 200 genes, which are expressed under tight temporal regulation in vivo. Minutes after entering the cytoplasm of a susceptible host cell, immediate early genes are transcribed into mRNAs that are capped and polyadenylated by viral enzymes present within the viral core (1, 2, 22, 24, 35) . A second subset of the early gene class is the delayed early genes, whose expression presumably requires one or more immediate early gene product(s) and hence is sensitive to inhibitors of protein synthesis. Dramatic changes in gene expression accompany the onset of viral-DNA replication. The VV late genes, including those encoding major structural components of the virion, are selectively expressed, while most early gene products are no longer synthesized. Unlike early transcripts, which usually terminate just distal to the coding sequences, late transcripts exhibit extreme 3'-terminal heterogeneity and may pass through one or more downstream genes (11, 17, 39) . It is unclear whether changes in cis-or trans-acting elements are responsible for this unique feature of VV late gene transcription.
By analysis of pulse-labeled polypeptides synthesized in infected cells, it was inferred that at least two subsets of the late gene class could be defined on a temporal basis (23, 29) . Since these initial studies, a number of late genes have been mapped and sequenced (10, 11, 13, 17, 30, 33, 38, (40) (41) (42) , and their promoters have been identified (5, 39) , but no evidence has been reported to support the notion of late gene subsets. Additionally, the previous pulse-labeling experiments defined a constitutive class of VV genes whose gene products were synthesized both before and after DNA replication. While this temporal class would appear to include several major viral genes, only for the gene encoding the 7,500-molecular-weight polypeptide (7 been obtained which clearly indicate early and late transcription of this gene, with separate RNA start sites and overlapping promoters (9) .
Transcriptional (16, 25, 26) and translational (3, 7) mapping surveys indicated a lack of overall temporal organization of the VV genome. However, precise mapping and sequencing analyses of large segments of VV DNA have identified clusters of temporally related genes, suggesting local organization (11, 17, 18, 30) . The identification of tandemly oriented and temporally related gene clusters suggested the possibility of coordinate regulation of genes within these domains (13, 20) .
In this study, we addressed several questions of VV gene expression by examining the temporal patterns of steadystate transcripts from a tandemly oriented late gene cluster recently identified (37 (1, 145 Ci/mmol; New England Nuclear Corp.) as previously described (38 
RESULTS
RNAs isolated from infected cells at specific times throughout infection were assayed for transcripts initiating within a late gene cluster. The nucleotide sequences and exact locations of the RNA starts for these six genes were recently reported (37), enabling us to design specific probes to detect transcripts from each individual gene (Fig. 1B ). An enigmatic characteristic of late transcription in VV is the lack of discrete termination and extreme 3' heterogeneity of late mRNAs. For this reason, probe 01 ( were first detected at 3 h p.i. and continued to be detected at a constant level throughout, although the ORF 5 transcript showed a slight lag. Detection of the ORF 3 transcript (gel 3, 152-nt fragment) was particularly difficult, apparently because of the extensive full-length protection of probe 3.
While the signal for the 152-nt fragment showed some fluctuation over time, this may have been due to the difficulty of detecting this specific transcript. Hence, we hesitate to assign a temporal pattern and simply conclude that this transcript was detectable after 3 h p.i. ORFs 3 and 5 were similar in that they appeared to be transiently utilizing upstream RNA start sites just before utilizing the downstream start sites (Fig. 1A , gels 3 and 5, 243-nt fragment; gel 5, 126-nt fragment). These transient RNA starts differed in distances from the downstream starts and in the times when they were first detected. The ORF 4 transcript was first detected at 0.5 h p.i., was estimated to peak at 1.5 h p.i., and tapered down but was still detectable at 12 h p.i. (gel 4, 149-nt fragment). High-resolution sequencing-gel analysis confirmed that RNA starts at early and late h p.i. were identical (data not shown). The onset of full-length protection of each probe and the onset of transcript detection for the upstream gene showed complete agreement, indicating the expected 3' heterogeneity of late transcripts and the correspondence of RNA starts to transcripts which extend beyond their cognate orfs.
Because of differences in probe size, specific activity, and the hybridization conditions required for detection of specific 5' ends amid abundant overlapping RNA, we made no attempt to quantitatively compare levels of expression between the genes. We stress the qualitative nature of these results and summarize the data in a simple fashion in Fig.  1B .
RNAs isolated from infected cells that were treated with cycloheximide or hydroxyurea were subjected to Si mapping analyses to distinguish between immediate early and delayed early transcripts. Both treatments resulted in a block of late transcription. By definition, cycloheximide treatment should also result in a block of delayed early transcription. The RNA start for ORF 4 was detected with each inhibitor (Fig. 1A, gel 4 , lanes C and H), indicating that ORF 4 was transcribed as an immediate early gene. In no other case was an RNA start detected late in infection also detected with each inhibitor, a finding which confirms the designation of ORF 0, 1, 2, 3, and 5 as late transcripts. To our surprise, when cycloheximide-treated RNA was used, transcriptional starts were detected in the vicinity of the late starts for ORF 2 (gel 2, lane C) and ORF 3 (gel 3, lane C). Since these RNA starts had no counterpart detected in hydroxyurea-treated RNA or in early RNA from untreated cells, the starts appeared to be dependent on the presence of cycloheximide and might not represent biologically relevant transcripts.
By using 3' Si nuclease mapping, the locations of discrete termini for early mRNAs but not for heterogeneously terminating late mRNAs can be determined. Several different 3'-end-labeled probes covering sequences from the coding region of ORF 4 into the coding region of ORF 5 were used 2 359 0 .5 1 (Fig. 1B) detected an immediate early transcript which terminated at 365 nt into the ORF 5 coding region (Fig. 2B ). Evidence that this 3' end represents the ORF 4 transcript was supported by full-length protection of probe 5 when early cycloheximide-treated, or hydroxyurea-treated RNAs were used in 5' S1 mapping experiments (Fig. IA, gel  5, lanes 1, C, and H) . The 3'-terminal heterogeneity of transcripts late in infection may be due to a lack of strong termination signals at the end of late genes or to a change in transcriptional termination factors late in infection. To diroctly address these two possibilities, transcriptional termination of the constitutively expressed ORF 4 was examined by 3' Si nuclease mapping with RNAs isolated at different times throughout infection. The kinetic pattern of detection for the 3' end of the ORF 4 transcript ( Fig. 2A) was identical to that seen for the 5' end (Fig. 1A, gel 4) at 0.5 to 4 h p.i. when either of the inhibitor RNAs was used. However, the discrete 3' end was no longer detected after 4 h p.i., when the full-length protected signal became evident. The background signal that comigrated at 337 nt at later times had the same intensity as several other background signals seen in this figure. These results are supported by previous work in which DNA fragments downstream of ORF 4 were able to hybrid-select late mRNA encoding a 32K polypeptide (38) . Since any cis-acting early termination signal would still be present, these data indicate that a lack of strong termination signals for late genes is not the explanation for late transcript heterogeneity.
To assess the translational activity in vitro of the RNAs used in the Si nuclease mapping analyses, total RNA from each time point was translated in reticulocyte lysates, and labeled polypeptides were analyzed by gel electrophoresis (Fig. 3) . The standard gel (panel A) resolved a spectrum of polypeptides very similar to those seen in [35S]methioninepulse-labeled infected cells (Fig. 3, lane LP) (29, 37) . However, the complexity of kinetic patterns of labeled polypeptides seen in vivo is only approximated by the in vitro results, indicating that transcriptional regulation is not wholly responsible for temporal regulation of gene expression in VV. Of the six-gene cluster, only the polypeptide corresponding to ORF 3 (L65) has been identified in infected cells (38) . Extended electrophoresis (Fig. 3B, lane LP) was required to resolve the L65 polypeptide from the closely migrating structural polypeptide P4b (33) . To compare translatable L65 mRNA with the 5' RNA start detected upstream of ORF 3, in vitro translations programmed with each RNA were subjected to extended electrophoresis (Fig. 3B) . The onset and maintenance of translatable L65 mRNA (Fig. 3A  and B, lanes 3 to 12) closely correlated with the detection pattern seen for the 5' RNA start immediately upstream of the L65 ORF (Fig. 1A, gel 3, 152-nt fragment) . The fact that no detectable L65 polypeptide was translated in vitro with RNA from 2 h p.i. (Fig. 3B, lane 2) indicates that the transient RNA start upstream of ORF 3 (Fig. 1A, gel 3 , 243-nt fragment) detected at 2 h p.i. was truncated or otherwise unable to be translated into the L65 polypeptide. DISCUSSION Quantitation of specific mRNAs at late times in VVinfected cells is complicated by overlapping or complementary transcripts which result from the lack of discrete termination. This phenomenon is clearly apparent in Northern blot and 3' Si nuclease mapping analyses which readily detect complex mixtures of complementary late mRNA species with no obvious size classes. Furthermore, the full-length protection of 5' S1 probes in the data presented tion. To distinguish between these possibilities, direct 5'-cap labeling by the addition of [1-32P] GTP with subsequent identification of labeled mRNAs (36) and target size determination for UV-induced premature termination of specific (12) or nonspecific (6, 27) transcripts are techniques which have been applied. In all of these cases, the data support an interpretation of each mRNA being synthesized from its own individual promoter site. These methods suffer from technical limitations when applied in vivo on a cytoplasmically replicating virus and have only been successful with purified virions, which contain the VV RNA polymerase and can be induced to transcribe early genes in vitro. Additionally, direct 5'-cap labeling could be misleading if transcript processing included scavenging of 5'-cap structures. Consequently, all information available to date concerning RNA start sites for VV late genes and much of the information on early RNA start sites have been the result of 5' Si nuclease analyses. An alternative means for testing the validity of Si mapping results is to identify transcriptional promoter sequences. This can be accomplished by linkage of putative promoter sequences of late genes to reporter genes for transient expression analysis (8) and by direct analysis of early promoter sequences in runoff transcription assays with a virion-derived, template-dependent in vitro transcription system (32) . Using these techniques, we identified promoters residing upstream of each of the genes in this tandem cluster (manuscript in preparation). Additionally, further analysis of the present data is consistent with monocistronic transcription. If individual mRNAs are derived from a primary transcript, then the primary transcript (or its processed remains) must be present at the earliest time that any of the processed mRNAs is detected. The transcript for ORF 4 was first detected at 0.5 h p.i. and strongly detected at 1 h p.i. If this transcript was processed from a primary transcript that had initiated well upstream of ORF 4, then probes 01, 2, and 3 would be fully protected at 1 h p.i. This is clearly not the case, a fact which argues against polycistronic transcript processing.
A limitation of the measurement of steady-state levels of transcripts is that no distinction can be made between de novo transcription and posttranscriptional stabilization or degradation. Previous studies indicated that VV RNA has a 2-h half-life at early times and a much shorter half-life (13 min) at late times (25, 34) . Recent studies confirmed an increasing level of mRNA degradation as infection proceeds (31) . The transient RNA starts detected for ORF 3 (Fig. 1A , gel 3, lanes 2 and 3) and ORF 5 (Fig. 1A, (Fig. 1A, gel 4) , the 3'-end signal was no longer detected after 4 h p.i. (Fig. 2A) 
